Tissue culture-derived mutants of male-sterile and disease toxin-sensitive Texas (T)
ORF13 in T-cytoplasm maize.
Cytoplasmic male sterility of higher plants is a phenotype identified by failure to produce functional pollen. In maize (Zea mays Linnaeus), there are three major groups of male-sterile cytoplasms, S (USDA), C (Charrua), and T (Texas), that are distinguished by the genetics of fertility restoration (1) and by mitochondrial DNA (mtDNA) restriction profiles (2) . The T source of cytoplasmic male sterility was widely used in the United States until 1970, when epiphytotics of race T of Cochliobolus heterostrophus Drechsler and Phyllosticta maydis Arny and Nelson were shown to be associated with this male-sterile cytoplasm (3) . Both pathogens produce host-selective toxins, secondary metabolites that are virulence determinants (4) (5) (6) . These toxins preferentially affect T-cytoplasm mitochondria (4, 6, 7) .
One approach useful in identifying the molecular basis of male sterility and disease toxin sensitivity was the regeneration of T-cytoplasm maize plants from tissue culture, either in the presence or absence of T toxin (8) (9) (10) (11) (12) . At significant frequency, plants regenerated from tissue cultures displayed mutation to male fertility and insensitivity to both toxins. Resistance to the toxins and to the pathogens, as well as the male fertility trait, were usually stable and were inherited in a maternal manner. Examination of at least 20 such mutants (9, 12, 13) revealed that 19 carried mtDNA with restriction-pattern differences compared to parental T-cytoplasm mtDNA. Consistent among these rearrangements was the absence of a 6.7-kilobase (kb) Xho I restriction fragment. The 6.7-kb Xho I fragment was retained in all of 34 regenerated male-sterile, toxin-sensitive control plants.
One interesting mutant, T-4, retained the 6.7-kb Xho I fragment yet was male fertile and insensitive to the toxins. These observations led us to suspect that some subtle change within the 6.7-kb Xho I fragment might account for the phenotype changes. In this paper we present evidence of deletion or a frameshift mutation in a T-specific mitochondrial open reading frame (ORF) of the mutants.
MATERIALS AND METHODS
Seed Lines. The maize inbred line A188(T) (rflrfl;Rf2Rf2) served as the progenitor control for these experiments. This line has recessive alleles for the nuclear fertility restorer locus rfl and is male sterile. The T-4 and T-7 fertile mutants were recovered from plants regenerated from tissue cultures of A188(T) as described by Umbeck and Gengenbach (12) .
Preparation and Analysis of mtDNA. Preparation of mtDNA, restriction endonuclease digestion, electrophoresis, blotting, and hybridization were performed as described (14) .
Preparation of Mitochondrial RNA. Mitochondria were prepared as described (14) without DNase and proteinase K. Organelles were lysed in 6 M guanidium thiocyanate (15) , and nucleic acids were purified by phenol/chloroform extraction. One gram of CsCl was added to a 2.5-ml suspension, and mitochondrial RNA (mtRNA) was pelleted through a 1.5-ml cushion of 5.7 M CsCl/0.1 M Na2EDTA for 12 hr at 32,000
x g at 20°C in a Beckman SW50.1 rotor (15) .
Construction of Cosmid Libraries. Cosmid libraries of A188(T) and the T-4 mutant were constructed by ligation of the 33to 50-kb partial Sau3A digestion products into the BamHI site of pHC79 treated with phosphatase (17) .
RNA Electrophoresis, Transfer, and Hybridization. mtRNA was denatured with glyoxal, fractionated through 1.0% agarose gels in 10 mM Na2HPO4 (pH 7.0), and transferred to nitrocellose filters (18) . The filters were prehybridized at 67°C in 6x SSC/5X Denhardt's solution/20 mM Na2HPO4, pH 6.5/denatured salmon sperm DNA at 100 ug/ml followed by hybridization for 16 hr at 50°C in 6x SSC/1x Denhardt's solution/20 mM Na2HPO4, pH 6.5/salmon sperm DNA at 100 ,ug/ml. (1 x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0; 1x Denhardt's solution = 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin.) The filters were washed according to Thomas (18) .
DNA Sequence Analysis. Cloning for sequence analysis was carried out using the M13 vectors mpl8 and mpl9 (19) .
Proc. Natl. Acad. Sci. USA 84 (1987) 2859 Sequences for all clones were determined in both directions by the dideoxynucleotide chain-termination method of Sanger et al. (20) with a universal primer. Chain-termination reactions were performed with dATP[35S] (New England Nuclear), and the reaction products were fractionated on 6% acrylamide sequencing gels.
RESULTS
Mapping of the 6.7-kb Xho I Fragment and Flanking Regions. The T and T-4 cosmid libraries were probed with a 6.5-kb BamHI fragment from the cosmid 2C11 (16) , which shares homology with the 6.7-kb Xho I fragment. Hybridizing cosmids, representing each of four configurations, were aligned and mapped ( Fig. 1 ) (21) . Prominent among the features of this region is a 5-kb repeat that extends into the 6.7-and 4.5-kb Xho I junction fragments. The AB configuration represents a portion homologous to the master circle in the wf9(N) male-fertile maize mitochondrial genome and is a single copy region in this cytoplasm (20) . The ATPase subunit 6 gene is located in this region (22) . The CD configuration represents another copy of the repeat in T cytoplasm. AD and CB configurations result from recombination within the repeat and are probably present on subgenomic circles.
Rearrangements of the T-4 Mutant mtDNA. The 6.7and 4.5-kb Xho I fragments from T and T-4 were recovered from cosmids and examined with a series of restriction endonucleases. Alu I digestion of these fragments revealed a slightly larger fragment in T-4 in the single copy region of the 6.7-kb Xho I fragment (21, 23) . A series of HindIII, Taq I, and Alu I clones from T and T-4 were then constructed and used in DNADNA reciprocal hybridizations, which in addition to restriction endonuclease digestion with 11 enzymes, were used to map the 6.7-kb Xho I fragment. The portion of the 6.7-kb Xho I fragment carrying the alteration in T-4 is included in a 3.7-kb Xho I-Sal I fragment and is shown in Fig.  2 . T-a102, a 188-base-pair (bp) Alu I clone from T-cytoplasm mtDNA was identified as the smallest altered fragment. T-a102 was used to identify the corresponding Alu I clone from T-4 and overlapping Taq I clones in T and T-4. We sequenced two overlapping clones, T-t221 and T-a102 ( Fig. 2) and their corresponding clones in T-4 (T4-t202 and T4-a68). Examination of the T sequence revealed a 345-bp ORF, T ORF13, as described by Dewey et al. (24) (Fig. 3 ). The amino acid sequence derived from T ORF13 predicts a polypeptide of 12.9 kDa. Computer retrieval of matching sequence data on the Intelligenetics program revealed homology with 26S ribosomal DNA (25) and with a region on the 3' side of the 26S rDNA (24) .
The T-4 sequence is characterized by a guanine to adenine transition 213 bp from the ATG initiation codon in Tcytoplasm mtDNA, and a 5-bp insertion beginning at 214 bp. These changes in the T-4 mutant result in 86 bp of perfect homology with a region on the 3' side of 26S rDNA (23, 25) , including a tandem 5-bp repeat. This suggests that the altered sequences in the T-4 mutant arose by homologous recombination or gene conversion with the region on the 3' side of 26S rDNA. The most important consequence of the insertion, however, is that it generates a frameshift placing a TGA stop codon in frame four nucleotides after the insertion, truncating the predicted polypeptide from 12.9 kDa to 8.3 kDa. The T-4 open reading frame is, therefore, designated T4 ORF8.3.
Organization of mtDNA from Deletion Mutants-. Mutants that had lost the 6.7-kb Xho I fragment were examined by hybridizing T-mtDNA clones to BamHI, Xho I, and HindIII digests oftotal mtDNA. Sixteen Alu I clones derived from the on the direction of transcription of T ORF13 thus 5' to 3' 6.7-kb Xho I fragment as well as eight HindIII, Taq I, Xho I, indicates left to right on the restriction maps ( Figs. 1 and 2 ). and BamHI clones from this region were utilized. Repre-Hybridization with T-a43, a 625-bp Alu I clone from within sentative data from five Alu I clones, hybridized to HindIII the 5-kb repeat, showed that HindIII junction fragments of digests of T, T-4, T-7 (a mutant that had lost the 6.7-kb Xho I Sequences homologous to T-a102, a 188-bp Alu I clone including part of T ORF13, are similarly deleted in T-7 and absent in N (Fig. 4B ). Homology of T-a102 at 5.1 kb (Fig. 4B) indicates homology to the 26S rRNA-encoding DNA region. Sequences homologous to T-t221, a 367-bp Taq I clone including a larger portion of T ORF13, were similarly not present in T-7 and N (data not shown). T-a107, a 178-bp Alu I clone internal to an ORF designated ORF25 (24) (Fig. 2) , hybridized to a 3.2-kb fragment in T-7 and N (Fig. 4C) . Hybridization with T-a104, a 151-bp Alu I clone between T-a102 and T-a107, including the 5' end of ORF25, displayed an identical pattern to T-a107 (data not shown), suggesting that the 5' end of ORF25 is retained in the mutant lines. Mapping of T, T-4, T-7, and N through this region with Alu I, Taq I, and Sau3A confirmed this interpretation. The T-a107 Alu I fragment was retained in all lines. The T-a104 Alu I fragment was reduced from 151 bp to an estimated 146 bp in T-7. It should be noted that all of the clones within the region shown in Fig. 2 revealed that the T-7 configuration, and that ofthree other deletion mutants (data not shown), matched the configuration of A188(N) mtDNA. Clones including the 3' end ofORF25 (T-a106) and sequences on the 3' side ofORF25 (T-a22) showed no differences in all mtDNAs examined ( Fig.  4 D and E). Most notably, there were no differences between T and T-4 except the 5-bp insertion, or among T and the mutants that had lost the 6.7-kb Xho I fragment except for the deleted region.
The extent of deletion in the CD and AD parental T configurations of these mutants is 3 kb, beginning between the two BamHI sites within the repeat (data not shown), and terminating on the 3' side of T-a102 ( Figs. 1 and 2) . The deletion included the T ORF13 region, which is also absent in N mtDNA. ORF25, 77 bp on the 3' side of T ORF13, was retained in all male-fertile, toxin-insensitive mutants we assayed.
Transcript Analysis of the T ORF13 Region. An analysis of transcription through the T ORF13 region was accomplished by hybridizing nick-translated mtDNA clones to total mtRNA from A188(T), T-4, T-7, and A188(N). Representative data are shown in Fig. 5 . Hybridization ofthe 2.0-kb T-H18 clone (Fig. SA) revealed at least nine transcripts in T and T-4 and three transcripts in T-7 or N. Also evident was homology to 26S rRNA at 3.6 kb although it was more visible in T-7 or N. The most predominant transcripts were 3.9, 2.0, 1.8, and 1.5 kb. Three major transcripts and one minor transcript hybridized to T-a43, a 625-bp clone specific to the 5-kb repeat (Fig. SB) . One major transcript (2.3 kb) homologous to T-a43 does not hybridize to clones further in the 3' direction into the single copy region of the 6.7-kb Xho I fragment. T-t221, a 367-bp Taq I clone extending from the repeat junction into T ORF13, and T-st308, a 274-bp Sau3A-Taq I clone internal to T ORF13, hybridized to four major transcripts and four minor transcripts ( Fig. 5 C and D) . T-H41, a 1.35-kb HindIII clone on the 3' side of T ORF13, hybridized to four major transcripts in-Taid T-4 and to two other transcripts of 3.1 and 0.6 kb in T-7 (Fig. 5E ). Alternatively, in N-cytoplasm mtRNA, T-H41 detected the 3.1-kb transcript and an N-specific 1.4-kb traunscript, but not the 0.6-kb transcript. The 3.9-kb transcript appears to begin within the two Xho I sites at the right end of the 5-kb repeat Proc. Natl. Acad. Sci. USA 84 (1987) and ends within the region included in the T-H41 clone. Total 5'-end labeled mtRNA only hybridized to the sense strand of the single-stranded M13 templates that carry the ORF as shown in Fig. 3 , indicating that RNA was only being transcribed from one strand. Most importantly, T and T-4 displayed no differences in their hybridization patterns using probes carrying or flanking the insertion. There was, however, a marked difference in hybridization patterns when these probes were hybridized to T-7 or N mtRNA. This can best be explained by the deletion through part of this region in T-7 and the absence of these sequences in N mtDNA.
DISCUSSION
Tissue-culture derived mutants of T cytoplasm maize are characterized by two distinct mitochondrial rearrangements; a deletion of 3 kb including T ORF13 in mutants such as T-7 and the insertion event of the T-4 mutant. We show here that the 6.7-kb Xho I fragment from T-4 carries a guanine to adenine transition and a 5-base insertion internal to T ORF13. A polypeptide of 12.9 kDa has been predicted from the T ORF13 sequence (24), correlated with a 13-kDa mitochondrial translation product seen in T-but not N-cytoplasm maize (26) . The insertion event in the T-4 mutant results in a frameshift that generates a premature stop codon, truncating the predicted polypeptide at 8.3 kDa. That the 13-kDa protein is indeed the gene product of T ORF13 was shown by immunoprecipitation of the protein by antibody to a synthetic peptide derived from the T ORF13 sequence; this protein is not synthesized by the mutants, but T-4 synthesizes a polypeptide of 8 kDa (R.P.W., A. Fliss, D.R.P., K. Storey, and B.G.G., unpublished results). Toxin sensitivity ofT-cytoplasm maize could involve a role for the 13-kDa polypeptide in processes associated with recognition, binding, and disruption of membrane integrity. The truncated T-4 product may be biologically inactive in these roles, although there are no data to support these interpretations. The deletion mutants and the T-4 mutant result in the coordinate change in phenotype from male sterility to male fertility and from susceptibility to resistance. Changes in the two traits could be related to mutation of a single gene with pleiotropic effects or by simultaneous alterations in the expression of two genes. Because both phenotype changes occur in T-4, which is altered only in the T ORF13 region, a single translation product responsible for male sterility and toxin sensitivity would seem to indicate pleiotropy. T ORF13 is T-cytoplasm specific, but ORF25 is widespread. Sequences homologous to ORF25 are present in the tissue culture mutants, other maize cytoplasms, and in a number of other higher plants (ref. 24 ; R.P.W., D.R.P., and G.B.B., unpublished results). Although T ORF13 is deleted or truncated in the mutants, ORF25 is retained. Until more is known about the mature transcripts of ORF25 and the possible interdependence with T ORF13 in T maize, however, we cannot rule out the possibility of a role of ORF25 in these phenomena.
The 193-bp Alu I fragment from T-4 is detected as only a 188-bp fragment in mtDNA genomic digests of parental T cytoplasm, indicating that the insertion event does not occur in nonregenerated plants. It is unclear why the deletion and conversion events occur in tissue culture and why the deletion event occurs more frequently than conversion.
Clearly the most frequent event associated with the altered phenotype results from a deletion immediately on the 3' side of T ORF13 and extending into part of the 5-kb repeat.
The rearrangement in T-4, which duplicates an additional 5 bp of the apparent progenitor sequence on the 3' side of 26S rDNA, could result from a gene conversion event or homologous recombination. As described by Dewey et al. (24) , evolution of the T ORF13 region involved a number of unusual recombination events. Duplication of a single copy region colinear with N-cytoplasm mtDNA, generating the 5-kb repeat, may have fortuitously placed regulatory/promoter sequences of the ATPase subunit 6 gene (22) on the 5' side of the potential T ORF. The 3'junction of the 5-kb repeat is 444 bp from the ATG initiation codon of ATPase subunit 6 (24), and 69 bp from the ATG initiation codon of T ORF13. Since T ORF8.3 more precisely duplicates sequences on the 3' side of 26S rDNA, the T-4 configuration could also be considered a primitive intermediate preceding an adenine to guanine transition and 5-bp deletion, which would generate T ORF13.
Recombination events, which are involved in evolution of the unique T ORF13 gene, similarly seem involved in disruption of the gene in plants regenerated from tissue culture. The consistent loss of an intact T ORF13 among mutants suggests that cytoplasmic male sterility and disease susceptibility of T cytoplasm may be associated with the generation of this unusual ORF.
